The detection of thousands of extrasolar planets by the transit method naturally raises the question of whether potential extrasolar observers could detect the transits of the Solar System planets. We present a comprehensive analysis of the regions in the sky from where transit events of the Solar System planets can be detected. We specify how many different Solar System planets can be observed from any given point in the sky, and find the maximum number to be three. We report the probabilities of a randomly positioned external observer to be able to observe single and multiple Solar System planet transits; specifically, we find a probability of 2.518% to be able to observe at least one transiting planet, 0.229% for at least two transiting planets, and 0.027% for three transiting planets. We identify 68 known exoplanets that have a favourable geometric perspective to allow transit detections in the Solar System and we show how the ongoing K2 mission will extend this list. We use occurrence rates of exoplanets to estimate that there are 3.2 ± 1.2 and 6.6 +1.3 −0.8 temperate Earth-sized planets orbiting GK and M dwarf stars brighter than V = 13 and V = 16 respectively, that are located in the Earth's transit zone.
INTRODUCTION
Over the past decade, the number of known of exoplanets has grown immensely. Over 3500 exoplanets have been discovered to date 1 , going from close-orbiting, Jupiter-sized planets (hot Jupiters) to those similar to Earth in mass and size, e.g. Kepler-78b (Pepe et al. 2013) . A number of temperate extrasolar planets have now been discovered (Vogt et al. 2010; Anglada-Escudé et al. 2013; Jenkins et al. 2015) , including one around our nearest neighbour, Proxima Centauri (Anglada-Escudé et al. 2016) .
The habitable zone (HZ) is defined as the region around a star where a terrestrial planet could sustain liquid water. It largely depends on the stellar flux received and surface atmospheric pressure, along with other planetary and stellar parameters (Kasting et al. 1993; Kopparapu et al. 2013) . That said, planets and even moons beyond the HZ could still have temperate regions, e.g. if they are subject to tidal heating (Reynolds et al. 1987; Barnes & Heller 2013) . Dressing & Charbonneau (2015) found the occurrence rate of Earthsized (0.5 − 1.4 R ⊕ ) planets within the HZ around M dwarfs to be 0.68
+0.13
−0.08 planets per star, while Petigura et al. (2013) E-mail: rwells02@qub.ac.uk 1 http://exoplanet.eu (Schneider et al. 2011) found that 22 ± 8% of GK stars harbour slightly larger planets (1 − 2 R ⊕ ) in their HZ. These values were calculated with the HZ defined as the region around the star which receives between 0.25 and 4 times the incident stellar flux of Earth. The 39 2 potentially habitable planets discovered thus far plus the expected yield of the PLATO mission (Rauer et al. 2014 ) naturally makes us wonder whether in fact some of these worlds could be inhabited, possibly even by intelligent beings.
The vast majority of exoplanets are currently detected through transits. Conversely, one can ask the question where in the Milky Way the transits of the Solar System planets can be observed. These regions are of particular interest to us, as any potential civilisation that would detect transiting planets around the Sun might have a reason to try and send us deliberate messages in trying to establish contact. This argument, in turn, could serve as a guide for our own search for extraterrestrial intelligence (SETI) (Filippova & Strelnitskij 1988; Castellano et al. 2004; Conn Henry et al. 2008; Nussinov 2009; Heller & Pudritz 2016) . 
METHODS

Definition of Transit Zones
A Transit Visibility Zone -or simply Transit Zone -is the projection of a planet onto the celestial plane, from where it is possible to detect transits of the planet in front of the Sun. Fig. 1 shows the geometry and construction of a Solar System planet's transit zone. Using trigonometry, φ TZ , the angle in which an observer would see a full transit and φ graze , the angle to observe a grazing transit, are given by (Heller & Pudritz 2016) 
where R is the radius of the Sun, R p is the radius of the planet and r is the instantaneous distance between the Sun and the planet, which varies over the course of the planet's orbit if it has non-zero eccentricity. This distance can be written as r = a(1 − e 2 )/(1 + e cos(θ)) where a is the semimajor axis, e is the eccentricity and θ is the true anomaly -the angle between the planet's current position and the point in the orbit when it is closest to the Sun.
We note that φ TZ is commonly approximated by 2R /a (Borucki & Summers 1984) . As we show below, this works well for small planets at large separations. However, geometric transit probabilities obtained for larger Solar System planets differ to the results obtained via Equation (1) by up to 21% (see Section 3.3). We note that this approximation is widely used in the community even when it does not hold, in particular for exoplanets which have a small semimajor axis including those orbiting late-M dwarfs and hot Jupiters. For example, TRAPPIST-1g (Gillon et al. 2017 ), a temperate Earth-sized planet orbiting an M8 star gives a 10% difference between Equation (1) and the approximation, which is close to the largest disagreement in the Solar System (Jupiter, 11%) . This therefore has an impact on the statistics of exoplanetary systems, such as occurrence rate which is computed with the approximation (e.g. Howard et al. 2012 , Dressing & Charbonneau 2015 .
Numerical determination of Transit Zones
In order to calculate the transit zone angles, we collected values of the planetary radii, semi-major axes and the radius of the Sun from the NASA planetary fact sheets 3 , which are compiled from recent literature. For the planetary radii, the volumetric mean value was used; i.e. the radius of a sphere with the same volume as the body.
The transit zone and grazing angles (φ TZ and φ graze in Fig. 1 ) for the Solar System planets are given in Table 1 computed using Equations (1) and (2). We also list the expected transit depths ∆F = (R p /R ) 2 . The relative differences between the angles of the full and grazing transit zones, calculated as per ∆φ = φ graze /φ TZ − 1, are also given. Variations are largest for large planets with small transit zones, such as Jupiter and Saturn. These differences are discussed more in detail in Section 3. Table 1 also serves as a comparison of how detectable each planet is, where a larger φ TZ suggests more possible extrasolar observers of the respective planetary transits and ∆F implies easier detection of the transit feature.
To calculate the positions of the transit zones on the celestial plane, we obtained orbital data from JPL HORI-ZONS 4 , where a single complete orbit of each planet was taken in the heliocentric ecliptic coordinate system. In heliocentric ecliptic coordinates, Earth's transit zone is a roughly 0.53
• wide disk of constant latitude at ecliptic latitude b = 0 (see Heller & Pudritz 2016) . The other Solar System planets describe sinusoidal tracks determined by their Keplerian orbital elements. In order to make identifications of overlapping transit visibility zones more convenient, those discrete numerical values were fit with functions of the form
where l is the longitude, b is the latitude. A is the planet's orbital inclination with respect to the ecliptic and d is related to the planet's argument of the periastron. We treated both A and d as are free parameters in our fitting procedure. The upper and lower bounds of the transit visibility zones were then created by adding and subtracting the value of (φ TZ /2) at each point along the orbit, respectively. This is a slight approximation; the exact transit zone borders would be derived by converting to planet-ecliptic coordinates before adding/subtracting the angle. Therefore by neglecting this step, the thickness of the transit zones are marginally thinner towards b = 0. We computed the minimum (at b = 0) and maximum (at maximum latitude l peak of a given planet in ecliptic coordinates) distances between the upper and lower boundaries and then by comparing the difference between these distances, we estimated the change in thickness of the zones. Due to the small angles involved, we find this is at most an effect of 0.7% in thickness for Mercury, less than 0.2% for the other planets and no effect for Earth as the ecliptic coordinate system is coplanar with Earth's orbit. We therefore decided to work with the approximated transit visibility zones. The transit zones were computed using only one orbit of data which we have assumed to be stationary. However, the shapes and positions of the transit zones would change slightly over the course of many orbits due to orbital precession from planet-planet interactions, the motion of the Sun from interacting with Jupiter and any planet-moon interactions (Heller & Pudritz 2016) . We calculated how long the transit zones would be valid by taking values 5 for the change in longitude of perihelion from Standish & Williams (1992) (roughly 0.3
• per century, excluding Venus) which we assume to be constant and comparing them to half the width of the transit zones. From this we found that the transit zones of the terrestrial planets would be valid for thousands of years, 5 https://ssd.jpl.nasa.gov/txt/p_elem_t1.txt while the smaller transit zones of the Jovian planets would be valid for hundreds of years. However, Venus precesses two orders of magnitude slower than the other planets and therefore its transit zone would be valid for a few hundred thousand years. We also note that stars are not fixed in the sky and instead have proper motions of around 1 arcsecond/yr for nearby stars (< 10 pc) and around 100 mas/year for more distant stars (> 20 pc). This means that nearby and more distant stars centred in the transit zone of Earth would leave the zone after roughly 1,000 and 10,000 years respectively if they were moving perpendicular to the boundaries. These timescales are 3 times longer for traversing the transit zone of Mercury and 30 times shorter for the case of Neptune, simply by comparing the relative sizes of φ TZ .
Timescales for the overlap regions of transit zones are more complex due to their various sizes and the movement of multiple transit zones. We give one example here, for MarsJupiter, which consists of two areas with width of ∼14
• . We took the central point of one of the areas and then precessed the transit zones through time until the central point at t = 0 was no longer inside the overlap region. We found that the transits of Mars and Jupiter would both be observable for approximately 1700 years. We also find that nearby and more distant stars would cross the nearest overlap region border in 140 and 1,400 years respectively if moving perpendicular to the border. Other overlapping regions will be observable for different amounts of time due to their various sizes and mutual precession speeds. The code to produce the tables and figures in this work is available on GitHub 6 .
RESULTS
Location of Transit Zones in the sky
We show the locations of the transit zones of the Solar System planets in Fig. 2 . All sets of the planets' transit zones were searched for mutual overlaps from where multiple planets could be detected. Observers here would see our Solar System similarly to how we see transiting multi-planet systems. It can be seen from Fig. 2 that the maximum number of different transits visible from any one point in the sky is three. This shows that exoplanetary systems with multiple transiting planets may still hide further companions, as highlighted by Kane & Gelino (2013) . Different sets of three planets can be observed to transit from different points in the sky, which we find in agreement with Brakensiek & Ragozzine (2016) . Specifically, we find 28 two-planet and 8 three-planet sets, each of which comprises two overlapping regions in opposite directions on the celestial plane that are offset by roughly 180 degrees of longitude, except for the MercuryEarth-Uranus set. Fig. 3 shows a zoom into one region of Mars-Jupiter and one region of the Mercury-Earth-Mars overlapping regions to give an idea of the shapes and sizes of these areas. All sets of planets where overlap exist are given in Appendix A with equatorial coordinates of the intersection points, converted using the SkyCoord Astropy Python package (Astropy Collaboration et al. 2013 ) with a distance of 30 ly. A distance is required due to the origin shift when converting between heliocentric and geocentric coordinate systems. 30 ly was chosen because stars of interest are typically farther away than ca. 10 pc, and assuming greater distances did not change computed coordinates past 10 −5 degrees (0.04 ). The coordinates are provided to be used as a quick check as to whether any given star falls into a transit zone.
Probabilities to observe Solar System planet transits
By comparing the solid angle covered by each transit zone to the area of the whole sky (4π), it is possible to obtain the probabilities of each planet to be transiting for a randomly positioned extrasolar observer. The probabilities of each overlap region were also found in the same manner, and are given in Appendix B, both as the absolute probability and as a factor of the probability to detect Earth. For individual planets, the area of the transit zones were calculated by using the trapezoidal rule to find the area beneath each of the boundaries. Subtracting the area below the lower boundary from the upper boundary gave the area of the transit zone. For the two-and three-planet overlap region cases, first the curves defining the boundaries of each region were found. Then the areas were found the same way as in the single planet case. Adding these areas together then gave the total area for the set of planets. The areas for all cases were then converted to steradians, and divided by 4π to return geometric transit probabilities. The probabilities of a randomly positioned extrasolar observer being able to observe at least one, two, or three transits were calculated by adding up the individual transit probabilities listed in Table B , giving
• P 1 = 2.518% to observe at least one transiting planet; • P 2 = 0.229% to observe at least two transiting planets; and
• P 3 = 0.027% to observe three transiting planets.
These probabilities were calculated simply from Table B1 and are therefore only applicable to observing the Solar System. Exoplanetary systems will have different coplanarity and multiplicity which will consequently lead to different probabilities. Using the values given in Table B , we then calculate the probability of an observer inside the Earth's transit zone to be able to see other Solar System planets in transit as well. We find that an observer viewing transits of Earth would have a 24% chance of detecting at least one more planet in the Solar System via transits, purely from a geometric point of view.
The regions where an extrasolar observer could detect grazing transits of multiple planets are significantly larger for some sets. This is simply due to the grazing angle being larger than the transit zone angle (see Table 1 ), in particular for cases involving the gas giants. This effect is also more apparent for the Jovian planets because their transit zones are smaller due to their semi-major axes being much larger than those of the terrestrial planets. For example, the grazing region between Jupiter and Saturn can be seen in Figure 4 , which is 45% larger compared to the full transit zone of these 2 planets. Therefore, searches can be extended by the inclusion of regions where grazing transits can be detected and would give significantly more area of the sky for sets that include Jovian planets. Table 2 shows a comparison of probabilities computed using the transit zone angle to those calculated using an estimate of 2R /a, an approximation originally proposed by Borucki & Summers (1984) . The values we obtain for the terrestrial planet overlap regions match well with the approximation, whereas the Jovian planet overlap regions differ by up to 21%. The Mercury-Earth-Uranus region shows an extremely large discrepancy between the approximation and the exact calculation; this is due to the region's small size, where small changes in the transit zone thickness change the area by relatively large amounts. The discrepancies for the other sets of planets are due to the approximation treating planets as point objects, i.e. ignoring the planetary radius. Therefore the approximation significantly overestimates transit probabilities for overlap regions that include the giant planets, as seen in Table 2 .
Differences to approximate calculations
DISCUSSION
Exoplanets within the Solar System Transit Zones
All known exoplanets situated within a transit zone of a Solar System planet are given in Appendix C. This list is up-todate as of March 2017 with information from exoplanet.eu, and contains 65 confirmed and 3 unconfirmed planets. The list is slightly disproportionate due to the inclusion of 43 exoplanets that only fall into Mercury's transit zone. We note, however, that 9 planets have already been found in the Earth's transit zone, though none are expected to be habitable due to their size and stellar radiation received. Of particular interest is EPIC211913977 b (K2-101b, Mann et al. 2017 ) -a planet on the border between super-Earth and mini-Neptune from whose position transits of Jupiter, Saturn, and Uranus can be detected. In addition, a hot-Jupiter falls into the transit zones of both Earth and Jupiter and a further 3 planets fall into the overlap region between Venus and Mars. The Kepler space telescope will help improve the detection statistics of exoplanets that fall into transit zones. After the second of four reaction wheels failed on the Kepler spacecraft on May 11 2013, the telescope was re-purposed into the ongoing K2 mission (Howell et al. 2014 ). K2 ob- servations entail a series of observing "campaigns" of fields that are limited by Sun angle constraints to a duration of approximately 80 days each. Although K2 therefore focuses on detecting short-period exoplanets, this does not rule out finding targets of interest for SETI. Planets in tight orbits have been found in the HZ around M-dwarfs, such as planets e, f and g in the TRAPPIST-1 system, which have periods of 6.06, 9.1 and 12.35 days, respectively (Gillon et al. 2017 ). The spacecraft is now kept steady by the radiation pressure from the Sun, which means that the telescope must be aligned with the ecliptic and therefore gives a large amount of targets residing in the transit visibility zones of the Solar System planets. Approximately 4000 targets are observed per campaign in these regions, which corresponds to around 12 transiting exoplanet candidates per campaign assuming the value of 3×10 −3 candidates per target from Pope et al. (2016) . Fig. 5 shows all past and finalised future K2 fields at the date of publishing, over-plotted with the transit zones of the Solar System planets from Fig. 2 . 
Earth analogues in Transit Zones
Currently no terrestrial exoplanets in HZs around their host stars are known to be located in any of the Solar System planet transit zones. Nevertheless, we can estimate how likely such planets are to occur within a certain volume.
There are 1022 known G and K dwarf stars listed in the SIMBAD database (Wenger et al. 2000) that reside in Earth's transit zone with a V magnitude of less than 13, which is the limiting brightness for terrestrial planets in the PLATO mission (Rauer et al. 2014) . It is possible to estimate the number of temperate rocky planets around these stars by approximating the frequency of Earth-size planets within the HZ of Sun-like stars (η ⊕ ). Batalha (2014) evaluated η ⊕ to be 22±8% for a radius range of 0.5−1.4R ⊕ around G and K stars using the results of Petigura et al. (2013) , which corresponds to roughly 225 ± 82 Earth analogues in this sample of GK stars in Earth's transit zone.
By combining this with the probability of Earth transiting for a randomly position observer (0.46% from Table B1 ), this gives a statistical estimate of 1.0 ± 0.4 transiting planets around the known Sun-like stars that resides in Earth's transit visibility zone. The estimate is small due to the low number of known stars out to 13 mag; i.e. the incompleteness of the catalogue. By comparing the number of known GK stars at set magnitudes to the volume increase, we estimated the true number of GK stars with V < 13 in the Earth's transit zone to be roughly 3150. Using this value instead gives 3.2 ± 1.2 transiting temperate Earth-sized planets, where the uncertainty comes from the uncertainty in the value of η ⊕ . We note that this is a rather optimistic estimate, due to using boundaries of the "simple" habitable zone (incident stellar energy 0.25 − 4F ⊕ ). To date, Kepler-452b (Jenkins et al. 2015) remains the only exoplanet discovered which comes close to meeting these temperate and Earthsized requirements; it is a 1.6 R ⊕ planet which orbits a 13.7 V magnitude G2 star of mass of 1.0 M at a distance of 1.05 AU. However, it does not fall into any Solar System planet transit zone and is unlikely to be rocky (Rogers 2015; Chen & Kipping 2017) .
We also estimated the expected number of temperate Earth-sized planets orbiting M dwarfs in the Earth's transit zone using the same method used for GK stars. To do this we took a system of an M3 star with an Earth-sized planet orbiting in the centre of the habitable zone. From this we find the probability that a planet will transit to be 1.44%, using values for an M3 star from Kaltenegger & Traub (2009) . We take the limiting V magnitude for a detection to be 16 mag, which gives approximately 673 M dwarfs in the Earth's transit zone after accounting for completeness as before. We use the occurrence rate of 0.68
−0.08 Earth-sized (0.5 − 1.4 R ⊕ ) planets per M dwarf from Dressing & Charbonneau (2015) , which again are in the "simple" habitable zone for comparison. This gives an expected 6.6 +1.3 −0.8 Earth-sized planets in the habitable zone around M dwarf hosts brighter than 16 mag which reside in the Earth's transit zone.
Transit visibility zones of the Solar System planets are particular areas of interest for programs that search for extraterrestrial intelligent life, such as the SETI program (see Tarter (2001) and references therein) that has recently gained momentum by the Breakthrough Listen Initiative (Isaacson et al. 2017) . Intelligent observers in these transit visibility zones could identify Earth as a habitable world and attempt communication, possibly via beamed radio transmissions. Defining regions of the sky where artificial signals are potentially more likely can cut down the area of the sky required for SETI-type programs to only 0.46% of the complete sky. Assuming the same sensitivity as the Kepler space telescope, transits of Earth could be detected out to roughly 275 pc, assuming a signal-to-noise ratio >8 and more than 3 transits -i.e. 3 years or more of continuous data. However, with better technology or data spanning a longer time frame, transits of Earth could be observed out to the edges of the HZ of the galaxy (∼ 1 kpc from Earth, Lineweaver et al. 2004) . In addition to the references in the introduction, transits of Earth and exoplanets have been discussed in the context of extraterrestrial intelligence (Kipping & Teachey 2016; Forgan 2017) .
CONCLUSIONS
We identified the regions of the sky where an observer could detect transits of one or more Solar System planets. The coordinates of these regions have been supplied in Appendix A. The probabilities of detecting transits of a single Solar System planet, as well as set of planets with overlapping transit visibility zones, are given in Appendix B. These probabilities have been calculated using the exact equation for the transit angles, which is more precise than those derived using the commonly known approximation of 2R /a. It is not possible to observe transits of more than three Solar System planets from any extrasolar perspective. Detecting two or three Solar System planets via transits is possible, but rather unlikely (see Appendix B). We find a 24 % chance for an extrasolar observer with the favourable geometry to see the Earth's solar transit to also observe at least one more Solar System planet in transit.
Sixty-eight of the currently known exoplanets or candidates fall into the transit zones of the Solar System planets Appendix C. The list includes nine planets in Earth's transit zone, one planet in a triple-overlap region, and four planets in a double-overlap region. None of these planets, however, are expected to harbour life due to their various physical parameters such as mass and radiation received.
The ongoing K2 mission will detect many exoplanets within the transit zones of the Solar System planets -we expect K2 to discover approximately 12 exoplanet candidates per campaign in these zones. Although all planets found will be relatively fast-orbiting, this does not rule out habitable planets that orbit around M dwarf stars.
We derived a statistical estimate of three temperate Earth-sized planets in orbits around Sun-like stars that fall in Earth's transit zone, one of which may be detected by the upcoming PLATO mission. Looking at these systems would be similar to seeing the Earth from outside the Solar System, and would be high priority targets for searches for biomarkers and even extraterrestrial intelligence due to the possibility of life and the mutual detection of each others' transits. Table A1 . Overlap regions of all the Solar System planets, given in equatorial coordinates. Each set has two overlap regions, separated by roughly 180 degrees, with the exception of the Mercury, Earth, and Uranus overlap region. Coordinates are given for both individual overlap regions, with each region's coordinates on a separate row. 
